The conserved ATPase of type III secretion systems is critical to the export of substrates through the apparatus. We present a characterization of the native T3SS ATPase, Spa47, from the cytoplasm of Shigella flexneri, demonstrating it to be in two distinct high-molecular-weight complexes with Spa33: MxiN and MxiK.
Introduction
Shigella flexneri is the causative agent of bacillary dysentery in humans (Kotloff et al., 1999) and it uses a type III secretion system (T3SS) as its major virulence device for invasion of, and dissemination within, the gut epithelial lining (Cossart & Sansonetti, 2004) . T3SSs are found in many Gram-negative bacterial pathogens, and serve as molecular injection devices to deliver bacterial virulence effector proteins into eukaryotic host target cells (Cornelis, 2006; Galan & Wolf-Watz, 2006) . They are genetically, morphologically and structurally related to the basal bodies of bacterial flagella (Blocker et al., 2003) . The Shigella type III secreton is encoded on a 31-kb fragment of a large virulence plasmid and consists of three major structural parts (Blocker et al., 1999) : (1) a cytoplasmic region known as the 'bulb' , (2) a region spanning both bacterial membranes termed the basal body and (3) an extracellular 'needle'.
Protein export through the T3SS requires a conserved ATPase, termed Spa47 in the Shigella T3SS and FliI in the flagellum (Dreyfus et al., 1993) . In the absence of the ATPase, only inner membrane (IM) and cytoplasmic components of the T3SS are assembled (Eichelberg et al., 1994) . T3SS ATPases are homologous at the sequence and structural level to the b-subunit of F1-ATP synthase, a hexameric rotary motor (Imada et al., 2007; Zarivach et al., 2007) . The T3SS/flagellar ATPases have also been demonstrated to form hexamers (Claret et al., 2003; Pozidis et al., 2003; Minamino et al., 2006) . It has been proposed that during the export process, the multimeric ATPase docks with other cytoplasmic components to an export complex in the IM (Zhu et al., 2002; Gonzalez-Pedrajo et al., 2006) . Although the exact translocation mechanism is unknown, it has been shown that the ATPase may be involved in the release of substrates to be exported from their chaperones (Akeda & Galan, 2005) .
Central to the mechanism and regulation of secretion is the role of the proteins that interact with the ATPase. In flagella, it was determined, using classical genetics and recombinant protein biochemistry, that FliI interacts with two IM proteins in their cytoplasmic regions, FlhA and FlhB (MxiA and Spa40 in Shigella) (Zhu et al., 2002) , and with a cytoplasmic protein, FliH, which inhibits FliI's ATPase activity (Minamino & MacNab, 2000) . FliH is homologous to MxiN in Shigella, with both displaying an evolutionary link to peripheral stalk components of the F1F0-and V1V0-ATPases (Pallen et al., 2006) . Further work demonstrated that FliI, when overexpressed in Escherichia coli, could form a complex with FliH and three soluble proteins of the flagellar export apparatus: FliG, FliM and FliN (with the latter two proteins both displaying sequence homology to Spa33 in Shigella) (Gonzalez-Pedrajo et al., 2006) . In the Shigella T3SS, it has been demonstrated, by yeast two-hybrid analysis and by affinity pull-down of overexpressed proteins, that Spa47 interacts individually with the cytoplasmic components MxiN, MxiK and Spa33 (Jouihri et al., 2003; Morita-Ishihara et al., 2006) .
As the interactions of the ATPase have been studied using heterologous expression in E. coli or overexpression, little is known regarding the state of the native ATPase and its association with other soluble components of the export apparatus. We therefore set out to characterize the ATPase from its natural environment in Shigella.
Materials and methods
Bacterial plasmids and strains DNA encoding residues 2-430 of the Spa47 protein were ligated into a modified version of the pBAD/HisB vector (Invitrogen), immediately 3 0 from a dodecahistidine tag (pBAD-His 12 Spa47). Wild-type (WT) S. flexneri corresponds to the M90T strain described in Sansonetti et al. (1982) . The spa47 À mutant strain was described in Jouihri et al. (2003) .
Bacterial growth and protein expression
All cells were grown in tryptic casein soy broth containing the following antibiotics: M90T, none; spa47 À , 50mg mL 
Affinity chromatography
Cells from 2 L of culture were resuspended in Buffer A [20 mM Tris-HCl, pH 7.5, 150 mM NaCl containing EDTAfree protease inhibitor cocktail (Roche)] and lysed using four passes through a French Press (Thermo) at 15 000 psi. Soluble proteins were clarified by centrifugation (25 000 g, 30 min) and filtration (0.22 mm) before 0.5-mL bed volume of nickel-nitrilotriacetic acid (Ni-NTA) beads (Qiagen) were added. Following binding (1 h, 4 1C), the beads were pelleted (500 g, 10 min) and washed with either Buffer A150 mM imidazole (3 Â 20 mL) or Buffer A175 mM imidazole (3 Â 20 mL). Elution was carried out with 1 mL of Buffer A1400 mM imidazole.
Size exclusion chromatography
Protein complexes were subjected to gel filtration chromatography on a Superdex 200 HR 10/30 column (GE Lifesciences) or a Superose 6 HR 10/30 column (GE Lifesciences). Columns were equilibrated in Buffer A and run at 0.5 mL min À1 . Calibration of each column was carried out with thyroglobulin (670 kDa), ferritin (440 kDa), aldolase (158 kDa) and ovalbumin (44 kDa). Fractions were monitored by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotting.
Immunoblotting
Proteins were separated by SDS-PAGE and transferred to a polyvinylidene fluoride membrane (GE Lifesciences) using a Transblot SD system (Bio-Rad). The membrane was blocked using phosphate-buffered saline (PBS) containing 0.02% (v/v) Tween-20 (PBS-T) and 5% (w/v) dried milk for 1 h. The membrane was probed for MxiN using a rabbit polyclonal antibody (1 : 10 000 dilution in PBS-T), which was raised against the C-terminal 16 amino acids of MxiN (RQIAEDLLKENPVND) coupled to Keyhole Limpet Hemocyanin (Eurogentec), followed by anti-rabbit-horseradish peroxidase conjugate. Immunodetection was performed with the ECL Western blotting detection reagent (GE Lifescience).
Results and discussion
Pairwise interactions had been previously demonstrated between various combinations of Spa47, MxiN, MxiK and Spa33 (Jouihri et al., 2003) . In this study, we set out to determine whether these interactions were part of a larger network by expressing a His-tagged form of the ATPase at native levels in a spa47 À strain of S. flexneri, and purifying potential ATPase complexes using Ni-NTA affinity chromatography. As a control, the experiment was also carried out in the spa47 À strain without complementation. The presence of the His-tag at the N-terminus of the ATPase did not affect its ability to complement the spa47 À strain (Fig. 1) .
Following size exclusion chromatography on samples that eluted from the affinity resin, the ATPase was found in fractions corresponding to high-molecular-weight species (Z440 kDa) (Fig. 2a) . In addition to the His 12 Spa47, several other proteins eluted in the void of the column (Fig. 2b) . Mass spectrometry was used to identify bands copurifying with His 12 Spa47 but absent in the control, and revealed that all three cytoplasmic T3SS components, Spa33, MxiN and MxiK, were present in complex with Spa47. A fourth band was found to be the highly abundant elongation factor EF-Tu, a common contaminant of pull-down assays (Gavin et al., 2002) .
In order to validate the complex, the behavior of MxiN was assessed in the presence and absence of the ATPase. WT S. flexneri was grown under conditions identical to those in the previous experiment, lysed and the clarified supernatant was separated by size exclusion chromatography on a Superdex 200 26/60 column. Complex size was determined by Western blotting for MxiN. This revealed two peaks, one in the void volume of the column (M r Z700 kDa) and one at 440 kDa (Fig. 3) , which are consistent with the results from the pull-down experiment. Conversely, the majority of the MxiN from cells lacking Spa47 ran at 150 kDa, confirming that its presence in high-M r complexes is dependent on the ATPase. The apparently high M r (150 kDa) of MxiN (calculated M w of 27 kDa) in the absence of Spa47 is consistent with the aberrant migration of the flagellar homologue FliH on a size exclusion column, which was demonstrated to correspond to an elongated homodimer of FliH (Minamino & MacNab, 2000) . The same study also demonstrated a tendency for small amounts of FliH to run in the void of a Superdex 200 column, which we also observed for MxiN in the absence of Spa47.
In an attempt to better characterize the complexes, the original experiment was repeated under more stringent washing conditions. The size exclusion step was carried out on a Superose 6 HR 10/30 column (profile not shown) in order to allow better separation of high-M r species (the Superdex 200 matrix is only capable of resolving up to 700 kDa). This separated Spa47, Spa33 and MxiN into two distinct complexes: one at c. 440 kDa and a larger complex at c. 1 MDa (Fig. 4) . Also visible were the chaperones Hsp70 and GroEL, common contaminants of pull-down assays (Gavin et al., 2002) . Although these peaked between the two T3SS complexes, their presence and known ATPase activities prevented studies of the ATPase activity of the T3SS complexes. The sizes of these complexes were consistent with the migration of MxiN from M90T cells on the same column (data not shown).
Interpretation of the stoichiometry of these complexes on the basis of gel band densitometry is difficult, given that there appear to be at least two complexes, which overlap. In addition, we cannot rule out the presence of overlapping subcomplexes, and it has been shown previously that Spa33 interacts individually with both Spa47 and MxiN (Jouihri et al., 2003; Morita-Ishihara et al., 2006) . However, it is clear that Spa33 is interacting either with Spa47 alone or with a complex of Spa47/MxiN AE MxiK, as we pull untagged Spa33 and MxiN with His-tagged Spa47. This interaction is strong enough to have withstood large dilutions (3 Â 25-fold) during the washing of the Nickel column, and densitometric analysis of the Superose6 gel (Fig. 4) suggests that the Spa33 and MxiN comigrate in both the 1 MDa and the 440 kDa species. Furthermore, we have been unable to express any of the individual proteins or binary complexes in a soluble form, suggesting that the proteins are designed to exist as higher order multimers.
It is also striking that the comigration of the smaller complex with the 440 kDa marker is in agreement with the elution position of a FliI/FliH/FliM/FliN complex expressed in E. coli (Gonzalez-Pedrajo et al., 2006) . FliI and FliH are homologous to Spa47 and MxiN, respectively, while FliM and FliN are both homologous to the C-terminal domain of Spa33. Given the large M r of the complexes (1 MDa, 440kDa) compared with the small M w of the individual components (Spa47 = 47 kDa, Spa33 = 33 kDa, MxiN = 27 kDa and MxiK = 20 kDa), it is clear that one or more of the components must exist as more than a monomer. Indeed, there is evidence for ATPase hexamers/dodecamers (Claret et al., 2003; Pozidis et al., 2003; Minamino et al., 2006) , FliH dimers (Minamino & MacNab, 2000) , FliN tetramers and also for the existence of FliM 2 FliN 4 complexes (Paul & Blair, 2006) .
Our data therefore suggest that (1) the predicted soluble components of the T3SS export machinery natively display a substantial cytoplasmic pool; (2) their soluble supramolecular assembly is conserved between the flagellar and the nonflagellar T3SS; and (3) the flagellar assembly expressed in E. coli is an accurate representation of the complex in WT conditions. It is interesting to observe that FliG also copurified with the FliI/FliH/FliM/FliN complex but dissociated on the Superose 6 column. In our hands, MxiK was identified as part of the complex in the early Superdex 200 purifications, but was not detected at similar molar ratios in the more stringent Superose 6 preparations. Although there is no detectable sequence homology between MxiK and FliG, the positioning of MxiK in the virulence plasmid between MxiJ (FliF homologue) and MxiN (FliH homologue) suggests that it may play a similar role.
In summary, we have purified, for the first time, soluble complexes of a T3SS ATPase from its native environment. 
